The evidencefor a geneticcontributionto schizophreniais compelling.However, the pattern of inheritanceis complexand it is usuallyassumedthat environmentalfactors also have a rolethat will eventuallybe identified.We arguethat this is not necessarilythe case. While a hypothesiscombininggeneticdiathesiswith environmentalstresscannot be disproved,it is also possiblethat â€˜¿ non-genetic' factors consistentirelyof stochasticevents affecting gene expressionor structure.
A large body of evidence collected over more than 60 years and culminating in recent studies applying refined methods, including standardised diagnosis, strongly suggests a genetic contribution to the aetiology of schizophrenia (Gottesman, 1991) . However, schizophrenia is a complex phenotype that rarely if ever shows Mendeian patterns of segregation, and this is usually attributed to environ mental factors. In this paper we examine four hypotheses about the role of genes and environment in schizophrenia:
(a) Some forms of schizophrenia are mainly genetic, other forms are mainly environmental, and both are relatively common. (b)Schizophrenia is wholly genetic and apparent genetic determination of less than 100% is explained by observer errors, which may include incorrect specification of the phenotype. (c) A genetic predisposition to schizophrenia and relevant environmental stresses are necessary to produce the disorder. (d) The only constant feature in schizophrenia is a genetic component, and â€˜¿ non-genetic' factors consist entirely of stochastic events affecting gene expression or structure.
Although these four hypotheses do not exhaust the list of possibilities, (a) to (c) cover most of the recently debated explanations of the roles of genes and environment in schizophrenia. Hypothesis (d), by contrast, represents a more radical alternative.
(a) Genetic and non-genetic forms
It is widely accepted that some patients presenting for the first time with what appears to be schizophrenia actually have an organic brain syndrome. The review by Davison & Bagley (1969) provides the classic compilation of disorders which may simulate schizophrenia, and Propping (1983) has surveyed those genetic conditions which may also produce passable phenocopies of the disorder. However, organic phenocopies that can be identified by careful examination and investigation account for few cases of schizophrenia. For example, in one large and thoroughly researched series of patients presenting with the disorder, organic brain syndromes accounted for only 6% of cases (Johnstone et a!, 1986 ).
More controversial is whether the bulk of schizo phrenia, the remaining 94% of cases, can be divided into genetic and non-genetic forms, and whether this in turn provides an explanation for such phenomena as discordant monozygotic (MZ) twins and the frequent cases where there is no known family history of schizophrenia. This idea is not new, but it has been revived and updated by Murray et a! (1985) , who suggest that many (or perhaps most) people with schizophrenia but with no family history have a â€˜¿ sporadic' form of the disorder, for which environmental factors are wholly or mainly responsible.
One way to test such a proposition is to examine whether potential environmental contributors to aetiology (e.g. obstetric complications) are more common in non-familial than familial cases, and there is some evidence suggesting that they are (Lewis et a!, 1988). However, the data are inconsistent (O'Callaghan et a!, 1992) and, as we discuss later, the question of whether environmental influences such as obstetric complications have any causal role in schizophrenia is controversial (Done eta!, 1991) . Furthermore, a separation of schizophrenia into familial and non-familial forms is open to criticism on both theoretical and statistical grounds (Eaves et a!, 1986; Farmer et a!, 1990) .
It is worth considering the approach originally proposed by Luxenburger (1940) , which makes use of observations on discordant identical twins and their relatives. Luxenburger pointed out that if non-genetic varieties of schizophrenia are common, then a substantial proportion, if not all, cases of discordant MZ twins would be due to such forms.
We might then expect that their relatives would less often be affected than the relatives of concordant pairs. Luxenburger was unable to show this, and concluded that non-genetic forms of schizophrenia were probably uncommon. Subsequent work on the families of concordant versus discordant twins confirmed this finding (Kringlen, 1967) .
Perhaps an even more convincing variation of the same strategy focuses just on the offspring of twins discordant for schizophrenia.
Such a study was carried out by Fischer (1971) , and subsequently elaborated and extended by Gottesman & Bertelsen (1989) . It was shown that the morbid risk to the offspring of the unaffected identical co-twin of a person with schizophrenia was not significantly different from that in the offspring of the schizo phrenic index cases themselves. By contrast, there was a significant difference in the morbid risk of schizophrenia in the offspring of discordant dizygotic (DZ) twins, with the affected twins producing schizophrenic offspring at a significantly higher rate than their unaffected co-twins. Although a smaller but similar study by Kringlen & Cramer (1989) produced less clear-cut results, the data of Gottesman & Bertelsen strongly suggest that MZ twin discordance is brought about by the non-expression of genetic susceptibility, and argue against common non genetic forms of schizophrenia.
(b) Failure to detect 100% genetic forms is due to observer error
One of the problems about studying the genetics of schizophrenia is that despite modern definitions which ensure reliability, no one is certain what is the optimal or â€˜¿ most valid' way of defining the disorder for biological studies (Farmer et a!, 1991 Another way of considering observer error, in a more statistical sense, is to accept that the DSM definition of the phenotype is more or less correct, but also to assume that there are random errors in the detection of the disorder. In order to test this we need to put forward a model of transmission of schizophrenia. It is probably most useful to consider it as a threshold trait (Gottesman & Shields, 1967) , where liability to develop the disorder is contributed both by the additive effects of genes at a number of loci and by environmental effects, also acting in a mainly additive fashion, such that liability (x) is approximately normally distributed in the population.
Only those whose liability at some point exceeds a certain threshold manifest the disorder (Falconer, 1965; Reich et a!, 1972) .
For the sake of simplicity, we assume that liability has a mean of zero and unit variance. Our model can be summarised by the equation
Vx= h2 + c2 + e2
where Vx, the variance in liability, is the sum of the variance due to additive genetic effects (or heritability) h 2, the variance due to family (or shared) environment, c2, and a residual term, e2, comprising non-shared environmental effects plus any errors in observing the phenotype.
To carry out the model fitting, we used the twin data of Farmer et a!, who applied DSMâ€"III criteria for schizophrenia, and those of Onstad eta! (1991), who used DSMâ€"III--R criteria (American Psychiatric Association, 1987) . Although the diagnostic criteria were slightly different, the approach was broadly similar and the two studies resulted in identical MZ concordance of 46%, and not too dissimilar DZ concordance of 1lÂ°lo and 401o, respectively. Therefore pooling the data seems reasonable.
ModelAdditive genetic
variance ( Table 1 Modelfitting using twindatafromrecent studies (Farmer eta!, 1987; Onstadeta/, 1991) (c) Genetic diathesis and environmental stress are both necessary
Mathematically, a multifactorial model like the one just considered is the most straightforward formulation of a stressâ€"diathesishypothesis. As we have seen, the evidence from recent twin studies suggests that the proportion of variance which needs to be explained non-genetically is small. If so, then it is understandable that attempts so far to identify environmental stressors have produced inconsistent and sometimes contradictory results. While there is good evidence that psychosocial factors, such as high expressed emotion at home or life events, can hasten relapses or precipitate onsets, few would now argue that such factors are likely to be causal (Bebbington & Kuipers, 1988) . Most recent attempts to uncover aetiological environmental factors in schizophrenia have been concerned with physical stressors. We mentioned earlier that people with schizo phrenia may have had higher rates of obstetric and prenatal complications than controls, and that this is said to be particularly true of patients without a family history of schizophrenia (Lewis et a!, 1988) . However, the family history effect has been difficult to replicate (O'Callaghan et a!, 1992) and may be the result of selective recall by the mothers. A greater problem concerns the fact that the available data do not prove causality, and obstetric complications might themselves be consequences of other environmental or even genetic events (Owen et 
a!, 1988; O'Callaghan et a!, 1992).
Similar controversy has surrounded the role of viral infections in schizophrenia or intrauterine exposure to viruses. The most striking evidence that such exposure may be important has come from a study in Finland showing an increase in the birth rate of people developing schizophrenia following presumed maternal exposure in the 1927 influenza epidemic (Mednick eta!, 1988) . However, once again the evidence is contradictory (see Crow's Editorial, this issue), with some studies supporting (O'Callaghan et a!, 1992) and others failing to support the hypothesis that maternal exposure to influenza in pregnancy increases the subsequent risk of schizophrenia for the child (Crow eta!, 1991; Kendell & Kemp, 1989) . Even the most positive studies suggest a relative risk of developing schizophrenia of about 1.9 for those whose mothers were exposed versus not exposed to influenza in pregnancy.
By contrast, the approximate relative risk for developing DSMâ€"IIIschizophrenia (Farmer et a!, 1987) for the identical co-twin of a schizophrenic As described in greater detail elsewhere (McGuffm, 1991) , correlations in liability were estimated for MZ and DZ twins, and models fitted using a maximum-likelihood approach. There was no evidence for a common environmental component, in that a reduced model where c2 was fixed at zero led to no significant reduction in the likelihood compared with a full model containing h2, c2 and e2. The results of subsequent model fitting are summarised in Table 1 . When the population risk of DSMâ€"III/DSMâ€"IIIâ€"R schizophrenia was fixed at 0.6Â°/a,as suggested by the study of Farmer et a! (1987), the maximum-likelihood estimate of heritability (h2) was 87.5Â°/a (model 1). An attempt to estimate simultaneously the genetic and residual components plus the population risk (model 2) boosted the heritability to 89%, with a population risk of 0.3Â°/o. Finally, we tested the hypothesis (model 3) in which the heritability was fixed at l00Â°lo and e2 at zero. This resulted in an implausibly low population risk of less than 0.1Â°/a, with a of 46.64(1 d.f.), indicating a very poor fit and that this model must be rejected.
Although the hypothesis that schizophrenia is entirely genetic can be rejected, we have evidence that liability to the disorder is highly heritable. The highest heritability of 0.89 was given by model 2, which gave a good fit. The standard error of the estimate of heritability was 0.033, so that the upper 95Â°/a confidence limit of h2 was 0.95. McGue et a! (1985) have pointed out that twin data alone may suggest higher heritability than twin and family data combined, which, using broad clinical diagnostic criteria, give a best estimate of heritability of about 0.66. However, our aim here has been to explore how high the ceiling on heritability may be when we try pushing it to its upper limits. The results suggest that 100% heritability is to be rejected; that is, schizophrenia is not entirely genetically determined. Even so, the room left for non-genetic components may be fairly small. twin (46%) versus someone selected at random from the population (0.6%) is about 77.
Thus, while it is impossible to refute an environ mental stress/genetic diathesis hypothesis, and this is likely for the time being to remain the â€˜¿ textbook' answer to the question â€˜¿ what causes schizophrenia?', it is worth exploring other avenues of explanation. In particular, it may be that the â€˜¿ non-genetic' components have been difficult to pin down not just because they are small, but because they are not amenable to detection using traditional epidemiological strategies.
(d) The â€˜¿ non-genetic' components are random changes in gene structure or expression
The possibility that chance in part determines differences in brain development and behaviour between people, even those who are genetically identical, has been raised by Goodman (1991) . He focused mainly upon the influence that stochastic factors might have upon the cellular and sub-cellular events underlying neural development. Molecular genetics has uncovered several processes which might randomly contribute to individual differences by direct action at the genomic level. These findings broaden the conceptual framework in which it is possible to consider the role of chance in determining such differences. Thus, although the main interest in genetics is to explore and explain similarities between relatives, there are several genomic phenomena that may actually decrease familial resemblance. The best known of these is mutation, which is assumed to be responsible for all genetic diversity. A more recent finding, which can be regarded as a special form of mutation, is the existence of genes containing unstable DNA sequences. A rather different phenomenon is called genomic imprinting. This is the term applied when the expression of a gene or set of genes differs according to whether the relevant chromosomes are of maternal or paternal origin. Imprinting almost certainly depends on whether or not genes are inactivated, probably in the parental germ lines. However, other forms of inactivation occur at later stages and the whole process of tissue differentiation depends on which genes are switched â€˜¿ off' or â€˜¿ on', and when. A special case of inactivation occurs in normal females, where one of the two X-chromosomes is inactivated in all somatic cells. This is thought to be a random choice which occurs at an early embryonic stage. Below, we describe each of these phenomena and how they may be sources of dissimilarity in genetically related individuals.
Mutation
Germ-line mutations (i.e. mutations in parental gametes in the production or sperm or eggs) appear to be a frequent cause of some single-gene disorders of psychiatric relevance, such as tuberous sclerosis (Sampson et a!, 1989) . Up to a half of cases of this condition, known to be dominantly inherited, occur in people with unaffected parents. Although it may be tempting to speculate that some cases of schizophrenia without a family history arise because of germ-line mutation, this would still not explain discordance in MZ twins. However, genetic mutations may also arise in somatic cells that are actively dividing. For example, although the majority of cancers occur sporadically, they are nevertheless in a sense genetic diseases, arising from mutations in proto-oncogenes, the normal function of which is to promote cell growth, or in so-called tumour supressor genes (Strachan, 1992) .
Some types of common cancer are familial, particularly early-onset forms, and carcinoma of the breast is an important example. Here, even though a gene conferring susceptibility has been localised by linkage analysis to the long arm of chromosome 17 (Hall et a!, 1990), a regular Mendelian pattern of transmission in usually not seen. Presumably in addition to the inherited (germ-line) mutation, subsequent mutations in somatic cells are required before the carcinoma develops.
Much current thinking about the genetics of common cancers has been influenced by understanding of the rarer condition, hereditary retinoblastoma.
Here the mutation occurs in a gene on the long arm of chromosome 13 called RB1. A person inheriting one defective copy of the RB1 gene has a high risk, but not a certainty, of developing retinoblastoma.
Two defective copies of RB1 need to be present in a cell before there is uncontrolled proliferation leading to retinoblastoma, so that the â€˜¿ first hit', an inherited defective gene on one chromosome 13, must be followed by a â€˜¿ second hit' â€"¿ somatic mutation â€"¿ in the same gene on the homologous chromosome before retinoblastoma develops (Knudson, 1986) .
Although there is no reason to suppose that either oncogenes or tumour-suppressor genes play a role in the pathogenesis of schizophrenia, it is reasonable to speculate about a more general â€˜¿ two-hit' hypo thesis, where the first hit is the inheritance of a gene, or set of genes, predisposing to schizophrenia, and the second is a somatic mutation, or series of mutations, occurring early in development, at a time when there is active division of neuronal stem cells. Environmental factors may contribute to such mutations, but they might also occur completely randomly. This could then explain discordance in MZ twins and the equal risk for schizophrenia in their offspring, since the second â€˜¿ hit' occcurs only in the affected twin, but both affected and unaffected twins are able to pass on the first â€˜¿ hit' to their offspring.
Unstable DNA sequences
Some pathological mutations involve variation in so-called â€˜¿ tandem repeats' in DNA. For example, the first exon (expressed sequence) of the human androgen receptor gene normally contains about 20 repeats of the trinucleotide CAG. In X-linked spinal and bulbar muscular atrophy, many such repeats are found in the first exon of the gene (La Spada et a!, 1991). Of more immediate relevance to psychiatry, a tandem repeat sequence of the trinucleotide CGG has been found near the 5' end of the fragile-X mental retardation (FMR-1) gene. In normal people the number of such repeats is variable, with a mean of about 26. Much larger numbers of repeats (in the range 33-600) are found in so-called normal transmitting males (NTM), whose daughters are also phenotypically unaffected but whose grandsons are at high risk of having the fragile-X syndrome (Yu et a!, 1991) . Even more recently, the gene for Huntington's disease (HD) has been identified and again is characterised by an expanded tandem repeat sequence (this time consisting of CAG) in affected individuals (Huntington's Disease Collaborative Research Group, 1993) .
Instability in the FMR-1 and HD genes is now thought to be responsible for most or all of the phenotypic variability, which has long been a puzzling feature of both disorders. Another example of a syndrome which is â€˜¿ badly behaved', from the viewpoint of Mendeian expectations, is myotonic dystrophy, in which variable expression is well established. For example, many families are described where individuals with a disabling form of the disorder are found to have a minimally affected parent who has cataracts but few or absent muscular symptoms. The related phenomenon of anticipation has also frequently been observed in myotonic distrophy: successive generations have a lower age of onset or increasing severity, or both. Anticipation can now be explained by the instability which occurs once there are more than about 50 trinucleotide repeats, with the resultant tendency for expansion to more repeats during meiosis (Harley eta!, 1992 ). Although we (Asherson et a!, this issue, pp 619â€"624) have been unable to detect evidence for anticipation in schizophrenia, this in itself does not rule out the possibility that a gene or genes containing unstable sequences may be involved in the aetiology of the disorder. Clearly, such genes could explain phenotypic variability and even the occurrence of unexpressed genotypes.
Imprinting and inactivation
The best known examples of genomic imprinting of psychiatric relevance are in the Praderâ€"Wiffi and Angelman syndromes.
Both usually result from a micro-deletion of part of the long arm of chromosome 15. Deletions in the paternally derived chromosome are associated with the Praderâ€"Willi syndrome, whereas deletion in the same region of the maternally derived chromosome 15 gives rise to Angelman syndrome. Cases of both syndromes occur where there is no deletion, but where there is uniparental disomy. That is, inheriting two maternal chromosomes 15 and no paternal chromosome gives rise to Praderâ€"Wilhisyndrome, while the reverse gives rise to Angelman syndrome. A less striking but nevertheless important example of genomic imprinting is in Huntington's disease, where early onset is associated with transmission from the father (Ridley et a!, 1988 ). The precise mechanisms in imprinting are not well understood, but are thought to involve methylation of DNA (Reik eta!, 1987) , which is known to be an important modifier of gene expression and is both heritable and reversible.
Methylation is also thought to be involved in inactivation of one of the two X chromosomes in the cells of normal females (lyonisation). This occurs at an early stage of embryonic development, and randomly affects either the paternally or maternally inherited X chromosome in each cell. The same pattern of X-chromosome inactivation persists in the descendants of these cells.
Random X inactivation can account for discordance for X-linked recessive traits in MZ female twins. This occurs in the rare instances where by chance all or most of the stem cells leading to the production of the relevant tissue contain active X chromosomes carrying a mutant allele and inactive X chromosomes carrying the normal allele. Pairs of female twins discordant for Duchenne's muscular dystrophy (Richards eta!, 1990 ) have been described, presumably arising from such a chance pattern of X inactivation.
Genomic imprinting and X inactivation are examples of how random events affect gene expression. We have been unable to find evidence so far of imprinting in schizophrenia (Asherson eta!, this issue),and evenif it couldbe demonstrated, imprinting would not take us far in explaining MZ twin discordance. However, as we have mentioned in the case of Duchenne's muscular dystrophy, X inactivation can explain discordance in MZ twins, and it must be considered at least as a possibility that other random inactivation occurs elsewhere in the genome, which may in part account for twin discordance and the other complexities of the transmission of schizophrenia.
Conclusions
We have examined four hypotheses about the role of genes and environment in schizophrenia. The first, that there are two common forms of schizophrenia, one all or mainly genetic and the other all or mainly environmental, seems to be untenable. Similarly, the second hypothesis, that schizophrenia is wholly genetic and that apparent heritability of less than 100% can be explained by observer errors, must be rejected. The third hypothesis, that schizophrenia results from a combination of genetic predisposition and exposure to environmental stress, satisfies current orthodoxy. However, it seems likely that the environmental component is small and there is a lack of consensus concerning the identity of specific environmental factors. Our fourth hypothesis attempts to explain the failure to identify environmental factors by suggesting that, at least as conventionally thought of, they may not exist. Recent studies in molecular genetics have identified genomic phenomena that can occur randomly and result in â€˜¿ non-genetic' variation. There is as yet no evidence that any of these are relevant to schizophrenia, but given that most of the liability to develop the disorder can be accounted for by transmissible genetic factors, it must be allowed as a strong possibility that most or all of the remaining small proportion of variance can be explained by 
